Abstract Objective: This study was done to evaluate the accuracy of oblique axial MR imaging in studying individual ACL bundle lesions. Subjects and methods: This study included forty-one (41) patients; 20 patients with no symptoms or signs of ACL injury and 21 patients in the suspected ACL lesions group. Each patient had a single MRI examination followed by a single indicated arthroscopy. The standard knee protocol (sagittal FSE proton density, coronal FSE T2-fat suppressed, axial FSE T2, sagittal FSE T1 and sagittal STIR) was designated protocol A, while the standard knee protocol plus oblique axial imaging was designated protocol B. Results: The comparative study was done using MRI protocol A versus protocol B for isolated anteromedial and posterolateral bundle as well as for ACL lesions as a whole with comparing these findings with arthroscopy as the gold standard. The addition of oblique axial imaging, increased sensitivity for ACL lesions (as a whole) from 74% to 95% and the accuracy from 76% to 95% while specificity remained similar. The sensitivity, specificity and accuracy of standard MR imaging for the detection of anteromedial bundle lesions were shown to be 80%, 100% and 86%, while that for posterolateral bundle lesions was 78%, 100% and 81% respectively. However, the addition of oblique axial imaging, increased sensitivity for anteromedial bundle lesions to 88% and accuracy to 90% while specificity remained similar. For posterolateral bundle lesions, the sensitivity increased to 89% and accuracy to 90% while specificity remains similar. Conclusion: Compared with standard MR imaging, the addition of oblique axial imaging improves the diagnostic accuracy for detecting lesions of the ACL, including both bundles' delineation. This imaging plane seems to provide a useful adjunct to standard MR imaging when ACL lesion is suspected.
Introduction
The anterior cruciate ligament is composed of the anteromedial and posterolateral bundles. Functionally, these two distinct bundles act in a complementary manner to limit the excessive femoro-tibial movement at the end of flexion and extension (1) .
Most anterior cruciate ligament (ACL) tears are complete, with the tear involving all of the anteromedial and posterolateral bundle fibers. Partial ACL tears occur less frequently and may involve both bundles to a variable degree or one bundle completely. Arthroscopic-based studies may reflect an underestimation of true prevalence as patients with complete rather than partial tears are more likely to undergo arthroscopy (2) .
Partial tear recognition is clinically relevant and important because:
1. Partial tears, unlike complete ACL tears, may have the capacity to heal with conservative treatment (3). 2. One may be more inclined to opt for a trial of conservative treatment. 3. If surgery is undertaken, partial ACL tears primarily limited to only a single bundle may be amenable to isolated single bundle graft augmentation rather than full ACL graft reconstruction (4) .
Currently, multiple surgical reconstruction techniques are available to repair a ruptured ACL. The double bundle ACL reconstruction technique and selective bundle ACL reconstruction technique use the anatomic double-bundle approach of the ACL in order to improve functionality after surgery (5) .
Clearly accurate early evaluation of partial ACL tears is relevant to improving the clinical and surgical management of ACL tears (6) . Usually, when partial ACL tears are diagnosed on MRI, it is frequently not possible to detect an isolated AM or PL bundle tear reliably using standard MR sequences and imaging planes (7) . Oblique sagittal and oblique coronal imaging has been used to delineate the ACL more clearly (8, 9 ).
The aim of this study
To investigate the diagnostic accuracy of oblique axial intermediate weighting MR imaging in detecting and differentiating tears (complete-partial) as well as degeneration of the ACL bundles.
Materials and methods
This prospective study was drawn from 41 patients: 24 males and 17 females with age range from 18 to 60 years (mean age 39 years). Consent was obtained from all the patients before doing this study. All patients were referred to the Radiology department from the outpatient clinic of the Orthopedics department between May 2014 and September 2014.
This study was approved by the ethics committee of the Cairo University.
Patients with history of knee surgery or arthroscopy were not included in the study. All patients were subjected to history taking and clinical provisional diagnosis.
The study included 20 patients with no symptoms or signs of ACL injury (group A; control group) and 21 patients in the suspected ACL lesions group (group B).
As each patient had a single MRI examination followed by a single arthroscopy, 41 MRI examinations and 41 corresponding arthroscopy examinations were analyzed.
Arthroscopy in group A was clinically indicated for suspected injuries other than ACL.
Magnetic resonance imaging
MR examinations were performed using ACHIEVA 1.5 T scanner (Philips medical systems, Best, the Netherlands) using a phased array knee coil at the radiology department.
Technically, the oblique axial plane is easy to acquire and does not require any knee repositioning. The knee was examined in a supine and extended position. Table 1 Preliminary scout localizers in axial, coronal and sagittal planes were done. The axial images serve as a localizer for prescribing the coronal and sagittal oblique sections.
Protocol of MR imaging
Oblique axial images of the ACL were obtained in a plane aligned perpendicular to the course of the ACL using sagittal and coronal images for positioning and alignment Fig. 1 .
The standard knee protocol (sagittal FSE proton density, coronal FSE T2-fat suppressed, axial FSE T2, sagittal FSE T1 and sagittal STIR) was designated protocol A, while the standard knee protocol plus oblique axial imaging was designated protocol B.
MRI analysis
The ability to delineate the anteromedial and posterolateral bundles of the ACL near the tibial insertion, the midportion, and near the femoral origin was assessed.
Two musculoskeletal radiologists who were unaware of arthroscopic findings, reviewed all knee MR examinations and ACL status by consensus. Firstly, the standard imaging planes of the knee were evaluated (protocol A) with each ACL bundle being classified as intact, partially torn, or completely torn. Thereafter, these standard planes were evaluated together with oblique axial imaging of the ACL (protocol B) and each ACL bundle was again classified as intact, partially torn, or completely torn.
An intact ACL or ACL bundle was one in which all the ACL fibers could be followed on contiguous sections as intact from the tibial to the femoral attachment. A partial ACL tear or ACL bundle tear was defined by high signal intensity within the ACL or individual bundle, focal swelling or thinning of the ACL or ACL bundle and/or a wavy course of the ACL or ACL bundle with maintained continuity. A complete ACL tear or ACL bundle tear was defined as a complete lack of continuity of the ACL or ACL bundle tear.
Together with assessing the individual bundles, the ACL as a whole unit was also classified on MRI as intact, partially torn, or completely torn. Intact ACL was defined by the normal appearance of both ACL bundles. Partial ACL tear was defined by either partial or complete tear in one or other bundle, but not a complete tear of both bundles. Complete ACL tear was defined by complete tear of both bundles. MRI results were compared with arthroscopic findings. 
Arthroscopic analysis
All arthroscopies were performed by orthopedic surgeons, who have experience in knee surgery. At arthroscopy, each bundle was classified as normal, partially torn, or completely torn.
An intact ACL bundle was one in which the fibers were taut and visibly intact from the tibial to the femoral attachment. Partial ACL bundle tear was diagnosed when some, but not all bundle fibers were visibly torn on direct inspection and the remaining fibers exhibited expected resistance to deformation on physical probing. A complete bundle tear was diagnosed when there was no continuity of the ACL bundle and the complete lack of tautness on direct probing.
In addition to the individual bundle assessment, using the same diagnostic criteria, the whole ACL was also classified as normal, partially torn, or completely torn.
Statistical methods
Data were statistically described in terms of frequencies (number of cases) and percentages. Accuracy was represented using the terms sensitivity, specificity, +ve predictive value, Àve predictive value, and overall accuracy. All statistical calculations were done using computer program SPSS (Statistical Package for the Social Science; SPSS Inc., Chicago, IL, USA) release 15 for Microsoft Windows (2006).
Results

Control group (Group A)
At standard MRI (protocol A), 20 patients (100%) had an intact ACL Fig. 2 . At protocol B, 2 patients (10%) of the 20 patients had AMB partial tear Fig. 3 . However, they were proved to be intact by knee arthroscopy. This difference was due to fibro-fatty component of the tibial attachment of the AMB of the ACL which is a normal variant of the intact ACL (10).
Clinically suspected ACL lesions group (Group B)
The standard MRI findings (protocol A) compared with arthroscopy
The ACL as a whole was normal in 4 patients (19%), partially torn in 6 patients (28.6%) Fig. 4 , and completely torn in 11 patients (52.4%) Fig. 6 ( Table 2 ).
Axial oblique sequences (protocol B) compared with arthroscopy
The AMB was normal in 5 patients (23.8%), partially torn in 4 patients (19%) and completely torn in 12 patients (57.1%) Fig. 7 ( Table 3) .
The PLB was normal in 2 patients (9.5%), partially torn in 7 patients (33.3%) and completely torn in 12 patients (57.1%) Fig. 8 ( Table 4) .
The ACL as a whole was normal in 2 patients (9.5%), partially torn in 6 patients (28.6%), and completely torn in 13 patients (61.9%) Fig. 5 (Table 5 ).
Comparative statistical analysis
The comparative study was done using MRI protocol A versus protocol B for isolated anteromedial and posterolateral bundles as well as for ACL lesions as a whole with comparing these findings with arthroscopy as the gold standard ( Table 6 and charts from 1-3).
Discussion
The anterior cruciate ligament (ACL) is an important structure in maintaining the normal biomechanics of the knee and is the most commonly injured knee ligament. However, the oblique course of the ACL within the intercondylar fossa limits the visualization and assessment of the pathology of the ligament (11) .
The anatomy of the ACL ligament is complex, reflecting its function of providing sagittal and rotational stabilization of the knee joint. MRI nowadays has a central role in the diagnostic strategy. When faced with a clinical suspicion of knee ACL injury, direct and indirect signs of ACL tears must both be sought using MRI to obtain the excellent diagnostic performance described in the literature. Imaging partial tears seems to be more tricky, constituting an important prognostic issue (12) .
Anterior cruciate ligament lesions may involve only part of a single bundle or both bundles (3). Correct assessment regarding the presence, severity and location of the lesion is clinically relevant. A bundle specific approach comprises a partial tear of both bundles, a partial tear of a single bundle and/or a complete tear of one bundle. Assessment of individual bundle status is likely to be increasingly relevant to the patient management with the introduction of new reconstructive techniques such as single bundle augmentation surgery, which has Amis and Dawkins identified three bundles during cadaveric knee examinations, named as anteromedial, posterolateral and intermediate bundles (20) .
In our study, two bundles were observed using protocol B: anteromedial and posterolateral bundles, while they could not be almost separated using protocol A. This agrees with a recent study by Van Dyck et al., who classified ACL into isolated AM and PL bundles (21).
Steckel et al. (22) were able to assess partial ACL tear in a particular bundle using cadaver knees. In another study by Adriaensen who used cadaver knees, MRI with arthroscopic correlation has proven to adequately identify the anteromedial bundle (AMB) and posterolateral bundle (PLB) (23). In our study, we had 41 patients classified into two groups: 20 patients with no signs or symptoms of ACL lesions who underwent knee arthroscopy for other reasons than ACL injury, and 21 patients with clinically suspected ACL lesions. They had no history of knee surgery or previous arthroscopy.
This agrees with Ng et al., who studied a total 60 knees with a normal ACL to help establish the normal appearances of the ACL on oblique axial MR imaging (10) .
In the control group of our study, 2 patients (20%) out of 20 were diagnosed to have partial tear of the anteromedial bundle of the ACL, due to a focal area of hyper-intensity in the bundle. It was proved to be intact by arthroscopy. This false positive result was considered to be due to the fibrofatty component of the ACL.
This agreed with Ng et al., who studied the appearance of individual bundles of the normal ACL and considered this as a normal variant (10) .
Oblique axial imaging by Ng et al., improves the visualization of normal ACL bundles over standard MR imaging using 3T magnet. (24) .
The current study is to use an oblique axial plane to visualize the ACL on 1.5T MR imaging to study each individual bundle lesion.
Van Dyck et al. classified the patients into normal, complete tear, partial tear, isolated anteromedial or posterolateral bundle tear and mucoid degeneration (7) .
In the current study we classified the patients into normal, complete tear, partial tear and mucoid degeneration. Each individual bundle of ACL was assessed separately. Isolated bundle tear was diagnosed as a partial tear of ACL. Two studies showed that MR images of the knees in flexion can provide more space around the ACL within the intercondylar area, helping to decrease volume-averaging artifact and thereby allowing better visualization of the femoral end of the ligament (25, 26) .
In our study, the knee was examined in a supine and extended position. This agreed with many authors like Ng et al. (24) and Van Dyck et al. (7) so that the technique of the examination would be easier.
In a study primarily addressing partial tears of the ACL, Roychowdhury et al. described the appearances of the normal ACL on true axial imaging. They found wide variability in the shape of the ACL at the tibial insertion with the mid-to proximal portion of the ACL tending to be of smooth ellipse or oval configuration. This study also first described the ''isolated ACL bundle sign'' as a sign of partial ACL tear (27) .
Casagranda et al. studied double bundle ACL grafts and found oblique coronal imaging useful when assessing the integrity of the ACL bundles (5).
Kwon et al. (28) reported that additional oblique planes would be useful in the evaluation of ACL tears; they found no significant difference in terms of sensitivity between the findings of normal sections and oblique coronal and sagittal sections, but specificity and accuracy increased significantly with the oblique images.
In our study we used oblique axial MR imaging of the ACL. The addition of oblique axial imaging, increased sensitivity for ACL lesions (as a whole) from 74% to 95% and the accuracy from 76% to 95% while specificity remained unchanged. (24) .
This study showed the sensitivity, specificity and accuracy of standard MR imaging for the detection of anteromedial bundle partial tears to be 29%, 86% and 79%. The addition of oblique axial imaging, increased sensitivity to 71% while specificity and accuracy remained unchanged (24) .
In our study the sensitivity, specificity and accuracy of standard MR imaging for the detection of anteromedial bundle lesions were shown to be 80%, 100% and 86%, however, the addition of oblique axial imaging to standard views increased sensitivity to 88% and accuracy to 90% while specificity remained unchanged. Chart 1 Comparison between the sensitivity (SEN) and the accuracy (ACC) of protocols A and B (correlated with arthroscopy) regarding anteromedial bundle (AMB), posterolateral bundle (PLB) and the ACL as a whole. AMB lesions.
Chart 2 PLB lesions.
Chart 3 ACL lesions as a whole.
The study conducted by Ng et al., showed the sensitivity, specificity and accuracy of standard MR imaging for posterolateral bundle tears to be 30%, 94% and 84% respectively. The addition of oblique axial imaging increased the sensitivity to 60%, while specificity and accuracy remained unchanged (24) .
While in our study the sensitivity, specificity and accuracy of standard MR imaging for posterolateral bundle lesions were 78%, 100% and 81% respectively, the addition of oblique axial imaging to standard views increased the sensitivity to 89% and accuracy to 90% while specificity remained unchanged.
Many authors had used knee arthroscopy as a gold standard to study the normal appearance of the ACL (10, 19, 23) and to study ACL lesions (7, 14, 24) .
This agreed with our study. MR interpretations were compared with the arthroscopic results as the standard of reference.
Limitation of our study included mucoid degeneration of the ACL; it was a rare entity. It was not diagnosed in our sample.
In conclusion, compared with standard MR imaging, the addition of oblique axial imaging improves diagnostic accuracy for detecting lesions of the ACL, including both bundles' delineation. This imaging plane seems to provide a useful adjunct to standard MR imaging when ACL lesion is suspected.
